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The inhibition of 2-arachidonoyl-glycerol (2-AG) 
biosynthesis, rather than enhancing striatal damage, 
protects striatal neurons from malonate-induced 
death: a potential role of cyclooxygenase-2-dependent 
metabolism of 2-AG 



S Valdeolivas 1 ' 2 ' 3 ' 5 , MR Pazos 1 ' 2 ' 3 ' 5 , T Bisogno 4 , F Piscitelli 4 , FA lannotti 4 , M Allara 4 , 0 Sagredo*' 1 ' 2 ' 3 ' 6 , V Di Marzo*' 4 ' 6 
and J Fernandez-Ruiz*' 1 ' 2,3 ' 6 



The cannabinoid CB 2 receptor, which is activated by the endocannabinoid 2-arachidonoyl-glycerol (2-AG), protects striatal 
neurons from apoptotic death caused by the local administration of malonate, a rat model of Huntington's disease (HD). In the 
present study, we investigated whether endocannabinoids provide tonic neuroprotection in this HD model, by examining the 
effect of 0-3841, an inhibitor of diacylglycerol lipases, the enzymes that catalyse 2-AG biosynthesis, and JZL184 or OMDM169, 
two inhibitors of 2-AG inactivation by monoacylglycerol lipase (MAGL). The inhibitors were injected in rats with the striatum 
lesioned with malonate, and several biochemical and morphological parameters were measured in this brain area. Similar 
experiments were also conducted in vitro in cultured M-213 cells, which have the phenotypic characteristics of striatal neurons. 
0-3841 produced a significant reduction in the striatal levels of 2-AG in animals lesioned with malonate. However, surprisingly, 
the inhibitor attenuated malonate-induced GABA and BDNF deficiencies and the reduction in Nissl staining, as well as the 
increase in GFAP immunostaining. In contrast, JZL184 exacerbated malonate-induced striatal damage. Cyclooxygenase-2 (COX-2) 
was induced in the striatum 24 h after the lesion simultaneously with other pro-inflammatory responses. The C0X-2-derived 
2-AG metabolite, prostaglandin E 2 glyceryl ester (PGE 2 -G), exacerbated neurotoxicity, and this effect was antagonized by the 
blockade of PGE 2 -G action with AGN220675. In M-213 cells exposed to malonate, in which COX-2 was also upregulated, JZL184 
worsened neurotoxicity, and this effect was attenuated by the COX-2 inhibitor celecoxib or AGN220675. OMDM169 also 
worsened neurotoxicity and produced measurable levels of PGE 2 -G. In conclusion, the inhibition of 2-AG biosynthesis is 
neuroprotective in rats lesioned with malonate, possibly through the counteraction of the formation of pro-neuroinflammatory 
PGE 2 -G, formed from COX-2-mediated oxygenation of 2-AG. Accordingly, MAGL inhibition or the administration of PGE 2 -G 
aggravates the malonate toxicity. 
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Cannabinoids have been recently proposed as neuroprotect- 
ing agents in Huntington's disease (HD). 1 " 3 HD is an adult- 
onset and autosomal-dominant neurodegenerative disorder 
characterized by the progressive death of specific neuronal 
subpopulations within the striatum and the cerebral cortex. 4 



HD is caused by a CAG triplet expansion in the gene coding 
the protein huntingtin, 5 which is toxic for these neuronal 
subpopulations, although the mechanism(s) responsible for 
this particular preference in neuronal degeneration in HD 
remains to be fully identified. An important challenge in HD is 
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the development of efficient therapies to halt or slow down 
disease progression, 6,7 because the therapies investigated to 
date have been poorly effective. Compounds like minocycline, 
unsaturated fatty acids, coenzyme Q-10 and inhibitors of 
histone deacetylases are presently under clinical investiga- 
tion, 8 whereas not only certain cannabinoid compounds, 
including both CB-i and CB 2 receptor agonists, but also 
antioxidant phytocannabinoids have been successfully 
assayed in preclinical models 9 " 16 and have recently been 
applied in the clinical testing. 17 

The endocannabinoid system, which encompasses not 
only and CB 2 receptors but also their endogenous 
ligands, the endocannabinoids anandamide and 2-arachido- 
noylglycerol (2-AG), and the enzymes for endocannabinoid 
biosynthesis and degradation, is subject to dysregulation in 
animal models of HD. 1,2 ' 18 In particular, a strong correlation 
exists between reduced striatal levels of anandamide and 
2-AG and locomotor signs of HD in R6/2 mice, genetic model 
of HD, 19 as well as in 3-nitropropionate-lesioned rats, 20 thus 
suggesting that impaired biosynthesis or exaggerated 
degradation of endocannabinoids might underlie in part the 
hyperkinesias typical of this disorder. Although this hypothesis 
was supported in part by the beneficial effect of inhibitors of 
endocannabinoid degradation, 21 it is not known whether the 
inhibition of endocannabinoid biosynthesis can worsen HD 
signs. 

In the present study, we focused on striatal degeneration 
generated by the complex II inhibitor malonate, which is 
known to result in the death of striatal neurons through 
mechanisms that involve mainly the apoptotic machinery. 22 In 
this model, CB 2 receptor agonists protected striatal neurons 
from apoptotic death, 12 whereas the blockade of CB-, 
receptors enhanced the magnitude of malonate-induced 
lesion. 23 Now, we wanted to determine the effects that the 
lesion with malonate produces on the striatal endocannabi- 
noid levels. In particular, we expected that the inhibition of 
diacylglycerol lipases (DAGLs), the enzymes that catalyse the 
biosynthesis of 2-AG, with the compound 0-3841 24 would 
aggravate the effect of this lesion. However, on the basis of 
the initial unexpected finding of a neuroprotective effect of this 
inhibitor, our study progressed to additional objectives: (i) to 
elucidate what type of effect would be produced on the lesion 
by the opposite pharmacological manipulation, that is the 
blockade of the monoacylglycerol lipase (MAGL) and (ii) to 
investigate whether the biotransformation of 2-AG in pros- 
taglandin glyceryl esters (PG-Gs) by cyclooxygenase-2 
(COX-2) might explain the paradoxical effects found with 
0-3841 , given that this type of oxygenated derivatives of 2-AG 
has been previously related to neurotoxic effects. 25 For these 
studies, we also used cultured M-21 3 cells, which share many 
phenotypic characteristics with striatal neurons. 26 

Results 

Effects of DAGL inhibition on the striatal degeneration 
caused by malonate. The original objective of this study 
was to examine the effects of the DAGL inhibitor 0-3841 27 
on the striatal damage caused by malonate. As expected, the 
local administration of 0-3841 produced a significant reduc- 
tion in the striatal levels of 2-AG in animals lesioned with 



malonate (F(2,17) = 4.1 1 1 , P<0.05), without affecting the 
levels of anandamide (Figure 1a). Importantly, unlike other 
models of HD, 19,20 neither anandamide nor 2-AG was altered 
by the lesion of the striatum with malonate. Given the 
neuroprotective properties described for 2-AG, 28 a reduction 
in the levels of this endocannabinoid by 0-3841 was 
expected to enhance the magnitude of malonate-induced 
lesion. However, our data indicate that the inhibitor enhanced 
the survival of striatal neurons as could be demonstrated by 
its capability to partially attenuate the malonate-induced 
deficit in GABA (F(2, 15) = 12.56, P<0.01; Figure 1b) and 
BDNF (F(2,12) = 4.04, P<0.05; Figure 1c). It also enhanced 
the number of Nissl-stained neurons that had been markedly 
reduced by malonate (F(2,18) = 26.46, P< 0.0001; Figures 
1d and e) and attenuated the glial activation caused by this 
neurotoxin, as indicated by the reduction in the intensity of 
immunostaining for the marker of astrocytes GFAP 
(F(2,13) = 4.623, P<0.05; Figures 1f and g). Looking at the 
representative microphotographs of the three groups under 
investigation, it was evident that astrocytes underwent 
morphological alterations after the lesion, similar to those 
previously reported. 29 Such alterations were notably reduced 
by the treatment with 0-3841 (Figure 1g). 

Effects of malonate lesion on COX-2 and other 
pro-inflammatory responses and PGE 2 -G formation. The 

above data contrast with the notion that 2-AG is neuro- 
protective, although a few studies demonstrated that, under 
certain circumstances, 2-AG may be also neurotoxic, in part 
through the generation of COX-2-derived metabolites. 25 We 
examined this possibility by analysing the effects of malonate 
on the expression of COX-2 as well as on the levels of one of 
the most representative COX-2 derivative of 2-AG, the 
PGE 2 -G. We have also quantitated the expression of other 
mediators (e.g., iNOS, PPAR-a, PPAR-y) that have been 
reported to have an instrumental role in proinflammatory 
events in neurodegenerative disorders. 30 Our experiments 
revealed that malonate lesion upregulated COX-2 in the 
striatum, although this effect was evident only 24-h after the 
lesion (F(2,10) = 10.17, P<0.01; Figure 2a), and the same 
pattern was seen for iNOS (F(2,1 1) = 12.46, P<0.005; 
Figure 2b). In agreement with these responses, we found a 
reduction in the expression of PPARs (only significant in the 
case of PPAR-a: F(2,8) = 15.21, P< 0.005, but showing a 
trend towards a decrease in the case of PPAR-y: 
F(2,9) = 1,503, ns; see Figures 2c and d), the activation of 
which is known to inhibit the expression of these pro- 
inflammatory enzymes — an effect that has been related to a 
reduction in NFkB signalling. 31 

The increase in COX-2 expression by malonate might be in 
favour of an increased generation of COX-2-derived 2-AG 
metabolites. We tried to demonstrate such an increase by 
analysing the levels of PGE 2 -G in the malonate-lesioned 
striatum, and, particularly, after the inhibition of MAGL, which 
should facilitate the formation of PGE 2 -G (see below). 
Although our method, described here for the first time, was 
extremely sensitive (by allowing the quantification of as little 
as 50fmols of PGE 2 -G), we did not detect any PGE 2 -G-like 
peak after LC-ESI-IT-ToF analysis. This, considering the 
average amount of striatal tissue that we analysed, indicates 
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Figure 1 Levels of endocannabinoids (panel a), GABA (panel b), BDNF-mRNA (panel c), number of Nissl-stained cells (panel d and representative microphotographs in 
panel e) and GFAP immunostaining (panel f and representative microphotographs in panel g), measured in the striatum of malonate-lesioned rats after DAGL inhibition with 
0-3841 (250 ng administered locally) and of their sham-operated controls. See details in the text. Values are means ± S.E.M. of 5-7 animals pergroup. Data were assessed 
by one-way analysis of variance followed by the Student-Newman-Keuls test (*P<0.05, **P<0.005 versus controls; # P<0.05 versus the group treated with malonate) 



that less than 1.9 pmol/g wet tissue weight of PGE 2 -G are 
present in the striatum of malonate-treated rats. However, this 
finding does not necessarily imply that PGE 2 -G was not 
formed under our experimental conditions, as the generation 
of this compound might be restricted only to those striatal 
areas where the lesion is more intense, and hence impossible 
to detect when the whole striatum is analysed. 

Effects of MAGL inhibition on striatal degeneration 
caused by malonate. Next, we investigated whether the 
increase in 2-AG levels after MAGL inhibition would produce 
the opposite effect to the protection found with DAGL 
inhibition. We first worked with the non-covalent MAGL 
inhibitor OMDM169, 32 but the local administration of this 
compound did not produce any significant change in the 
levels of 2-AG and anandamide (Figure 3a), and it did not 
aggravate the effects of malonate on the striatal parenchyma 



measured by Nissl staining (Figure 3b). Therefore, we used 
the more potent MAGL inhibitor JZL184, which, compared 
with OMDM169, is covalent and also more selective and 
elicits an eightfold increase in 2-AG levels. 33 The Nissl 
staining in the striatal parenchyma revealed some apparent 
reduction in the number of stained cells that did not reach 
statistical significance (see Figure 3d), but the differences 
were evident and statistically significant in the case of GFAP 
immunostaining, which was higher in the malonate-lesioned 
animals treated with JZL184 (F(2,10) = 41.22, P<0.0001; 
Figure 3c), thus indicating stronger astrogliosis in the striatal 
parenchyma of these animals. We assumed that this 
aggravating effect was caused by the biotransformation of 
2-AG in PG-Gs despite the fact that, also in this case, we 
were unable to detect in vivo generation of PGE 2 -G. To 
further explore this possibility, we decided to inject this 2-AG 
derivative directly into the striatum of malonate-lesioned rats 
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Figure 2 mRNA levels for COX-2 (a), iNOS (b), PPAR-a (c) and PPAR7 (d) measured in the striatum of malonate-lesioned rats (at 24 or 48 hour after the injection) and of 
their sham-operated controls. See details in the text. Values are presented as means ± S.E.M. of 4-6 animals per group. Data were assessed by one-way analysis of variance 
followed by the Student-Newman-Keuls test (*P< 0.05, **P< 0.005, *"P< 0.0005 versus the other groups; # P< 0.05 versus the group treated with malonate) 



and found a further reduction in the number of Nissl-stained 
cells in the striatal parenchyma that were partially attenuated 
by the co-administration of the PGE2-G antagonist 
AGN220675 (F(3,15) = 28.48, 0< 0.0001; Figure 3e). 

Induction of COX-2 in response to malonate and effects 
of MAGL inhibition in cultured M-213 cells. Given the 
difficulties to detect in vivo generation of PG-Gs in malonate- 
lesioned rats, we moved to an in vitro strategy using a cell 
line, M-213, which recapitulates some phenotypic character- 
istics of striatal neurons. 26 These cells were sensitive to 
malonate, which reduced the number of surviving cells by 
more than 50% at 6h after the addition of the neurotoxin 
(Figure 4a). This was paralleled by a marked upregulatory 
response (>6 fold) in the expression of COX-2 (Figure 4b), 
reproducing the same response found in vivo, whereas the 
exposure to malonate downregulated the expression of 
MAGL and FAAH (Figures 4d and f). Accordingly, the 
activities of 2-AG and anandamide-hydrolysing enzymes, 
which in neurons are mostly accounted for MAGL and FAAH, 
respectively, were reduced (Figure 4c), and the same 
happened with the MAGL and FAAH levels (Figures 4e 
and g). Malonate did not affect the levels of anandamide and 
related A/-acylethanolamines in these cells, whereas there 
was a trend towards an increase in the levels of 2-AG, 
although we were still unable to detect any significant change 
in the levels of PGE 2 -G (Figure 4c). However, the addition of 



the MAGL inhibitor OMDM1 69 to the culture media tended to 
reduce the levels of 2-AG (Figure 5a) and allowed to detect 
for the first time PGE 2 -G levels (F(2,8) = 17.22, P< 0.005; 
Figure 5b), precisely in the experimental condition in which 
the generation of this 2-AG derivative should be maximal. In 
agreement with this, we found an increase in malonate- 
induced cell death when 2-AG levels were elevated with 
OMDM169 (F(2,14) = 243.5, P<0.0001; Figure 5c) and a 
trend towards an increase when we used JZL184 
(Figure 5d). We also found that the addition of 2-AG per se 
enhanced malonate-induced cell death (F(2, 15) = 130.6, 
P< 0.0001; Figure 5e). We conducted a pilot 
concentration-response study (0.1-50/iM), which showed 
that doses < 25 ^M did not enhance malonate-induced cell 
death, whereas a significant potentiating effect was found 
with 25 and 50 /iM (data not shown). 

We next investigated whether the enhancing effect of 
MAGL inhibitors on malonate-induced cell death may be 
attenuated by the blockade with the PGE 2 -G antagonist 
AGN220675 or by inhibiting COX-2 with celecoxib, which 
would provide further evidence of the role of 2-AG biotrans- 
formation in the effects investigated in this study. We used for 
these experiments the MAGL inhibitor JZL184, which pro- 
duced a slight increase in malonate-induced cell death, and 
we found that both AGN220675 (F(3,30) = 8.605, P< 0.005; 
Figure 6a) and celecoxib (F(3,21) = 30.04, P< 0.0001; 
Figure 6b; we used two concentrations, 12.5 and 25 /(M, both 
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Figure 3 Amounts of endocannabinoids (panel a), number of Nissl-stained cells (panels b, d and e) and GFAP immunostaining (panel c), measured in the striatum of 
malonate-lesioned rats after MAGL inhibition with OMDM1 69 (500 ng administered locally) or JZL1 84 (4 mg/kg weight administered i.p.), or after the administration of PGE 2 -G 
(1 0 /ig administered locally) and/or AGN220675 (300 ng administered locally), and of their sham-operated controls. See details in the text. Values are means ± S.E.M. of 4-6 
animals per group. Data were assessed by one-way analysis of variance followed by the Student-Newman-Keuls test (*P< 0.05, **P< 0.001 , ***P< 0.005 versus controls; 
#P<0.05 versus the group treated with malonate and PGE 2 -G) 



equally effective) reduced cell death compared with the effect 
found with the combination of malonate and JZL1 84. We next 
tried to obtain a similar result with the direct addition of 2-AG. 
We again found that 2-AG was able to enhance malonate- 
induced cell death (F(4,29) = 36.42, P< 0.0001; Figure 6c), 
but this response was not altered by the celecoxib-induced 
inhibition of COX-2 or by the PGE 2 -G antagonist AGN220675 
(Figure 6c), used at the same concentrations as in the 
experiments with JZL184. In addition, higher concentrations 
of AGN220675 (1 and 50 mM) were ineffective in this case 
(data not shown). This latter finding may be related to the rapid 
degradation of 2-AG to arachidonic acid and glycerol in 
absence of MAGL inhibition, and the subsequent generation 
of prostaglandins, rather than PG-Gs, by the action of COX-1 
and, to a smaller extent, COX-2, which would explain the 
highest cell death found after the combination of 2-AG 
and malonate compared with the cells exposed to malonate 



alone (Figure 6c). In fact, this is supported by the observation 
that the incubation of these cells with 2-AG at the same 
concentration (25 nM) as in the above experiment, and also at 
a higher concentration (50 //M), but in absence of malonate, 
increased cell death (more than twofold for 25 ^iM 2-AG and 
almost fourfold for 50 /iM 2-AG), and both responses were 
significantly enhanced by celecoxib (F(4,31) = 26.6, 
P< 0.0001; Figure 6d). This inhibitor might have blocked the 
formation of PGE 2 -Gs by COX-2 acting on exogenous 2-AG 
and enhanced the amount of 2-AG available for arachidonic 
acid generation and the action of COX-1 , with a subsequent 
greater generation of prostaglandins, which would cause cell 
death. Indeed, 2-AG hydrolysis is an important source of 
arachidonic acid and neuroinflammatory prostaglandins, 34 
such that genetic or pharmacological inactivation of 
2-AG hydrolysis provides beneficial effects in experimental 
Parkinsonism 34 and Alzheimer's disease. 35 
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Figure 4 LDH activity (panel a), mRNA levels for COX-2 (panel b), MAGL (panel d) and FAAH (panel f), protein levels of MAGL (panel e) and FAAH (panel g) and levels of 
2-AG, PGE2-G, anandamide and related A/-acylethanolamines and activities of 2-AG- and anandamide-hydrolysing enzymes (panel c), measured in cultured M-213 cells 
treated for 6 h with 40 mM malonate. See details in the text. Values are presented as means ± S.E.M. of 5-7 cases per group (except in the measures of enzyme activities and 
protein levels that were three cases per group). Data were assessed by the unpaired Student's f-test (*P<0.05, **P<0.01, ***P<0.005 versus controls) 
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Figure 5 Amounts of 2-AG (panel a) and PGE 2 -G (panel b), and LDH activity, measured in cultured M-213 cells treated for 6 h with 40 mM malonate and/or the inhibitors of 
MAGL, OMDM169, at 1 /iM (panel c) or JZL184 at 10 nM (panel d), or with 40 nM malonate and/or 2-AG at 25 /iM (panel e). See details in the text. Values are presented as 
means ± S.E.M. of 4-6 cases per group. Data were assessed by the one-way analysis of variance followed by the Student-Newman-Keuls test (*P< 0.05, **P< 0.005 
versus controls; *P<0.05 versus malonate) 



Discussion 

Previous studies have shown that CB 2 receptor-deficient mice 
exhibit a greater sensitivity to malonate, 12 whereas the 
blockade of CB^ receptors with rimonabant also enhanced 
the magnitude of striatal degeneration caused by this 
neurotoxin in rats. 23 In this context, we predicted that the 
blockade of 2-AG biosynthesis with the recently developed 
DAGL inhibitor 0-3841 27 should also result in a greater 
sensitivity to malonate, given the previously reported 



neuroprotective effects of 2-AG through its capability to 
activate both cannabinoid receptors with similar efficacy. 28 
Surprisingly, however, the administration of 0-3841 to 
malonate-lesioned rats, rather than aggravating the striatal 
lesion, was accompanied by greater survival of striatal 
neurons and by the attenuation of glial activation typically 
associated with the malonate lesion. 12 

These unexpected observations found some support in 
recent studies that have demonstrated that 2-AG may also 
behave as a neurotoxic factor under special circumstances, 



Cell Death and Disease 



2-AG metabolism and Huntington's disease 

S Valdeolivas et al 



a 300 




Figure 6 LDH activity measured in cultured M-21 3 cells treated for 6 h with 40 mM malonate and/or the inhibitor of MAGL JZL1 84 at 1 0 nM in the presence or absence of 
PGE 2 -G antagonist AGN220675 at 25 /iM (panel a) or the COX-2 inhibitor celecoxib at 12.5 /iM (panel b), or with 40 nM malonate and/or 2-AG at 25 /M combined with 
celecoxib at 1 2.5 /<M or AGN220675 at 25 /(M (panel c), or treated directly with 2-AG at 25 or 50 /iM and/or celecoxib at 1 2.5 /iM (panel d). See details in the text. Values are 
presented as means ± S.E.M. of 6-8 cases per group. Data were assessed by the one-way analysis of variance followed by the Student-Newman-Keuls test (*P< 0.05, 
**P< 0.005, ***P< 0.0005 versus controls; # P<0.05 versus malonate + JZL184; ## P< 0.005 versus malonate) 



namely, during the overexpression of COX-2, a key response 
in neuroinflammatory events accompany neurodegenera- 
tion. 36-38 Thus, Sang et al. 25 reported that 2-AG may be a 
natural substrate of inducible COX-2 enzyme and generate a 
series of metabolites, known as PG-Gs, 39 the most abundant 
of which, PGE 2 -G, is known to induce excitotoxic damage 25 
and to exert pro-inflammatory and hyperalgesic effects. 40 In 
fact, 2-AG is oxygenated by COX-2 as effectively as 
arachidonic acid, 25 whereas the oxygenation of anandamide 
by this enzyme is slower. 41 Therefore, it appears that the key 
condition for the activation of this metabolic pathway would be 
that COX-2 enzyme is abnormally upregulated in response to 
a brain insult. In such situation, there would be an imbalance 
between the previously reported neuroprotective effects of 
2-AG (mediated by the activation of either CB^ CB 2 or other 
cannabinoid-related receptors; 28,42-44 ) and its transformation 
by COX-2, which would generate potential neurotoxic 
metabolites like PGE 2 -G. Our data support the existence of 
this imbalance in our experimental conditions, because we 
found an elevated COX-2 gene expression in the malonate- 
lesioned striatum compared with controls. We also found a 
similar early upregulatory response in other pro-inflammatory 
enzyme such as iNOS, which frequently accompanies COX-2 
elevation. 30 In addition, we observed the expected down- 
regulation of PPAR-a and PPAR-y, for which certain canna- 
binoids, including 2-AG (see below), have been recently found 
to act as agonists. 43,45 This may explain the observed 
increases in COX-2 and iNOS with the reduction of the 
PPAR-dependent inhibitory effect on NFkB signalling, which 
in turn is involved in the stimulation of the expression of these 
pro-inflammatory enzymes. 31 It is important to remark that 



the elevation of COX-2 has been already found in neuro- 
degenerative disorders including HD 36,46-48 having an instru- 
mental role in the pathogenesis 38 so that its reduction through 
different strategies (e.g., pharmacological inhibition) may 
reduce brain damage. 49 Interestingly, 2-AG may represent 
an important source of arachidonic acid and neuroinflamma- 
tory prostanoids in some of these disorders, 34,35 and, there- 
fore, the neuroprotective and anti-inflammatory actions of 
0-3841 effect could be also explained by the interference with 
this mechanism. However, although in the studies in which 
2-AG was shown to act as a biosynthetic precursor of 
neuroinflammatory prostanoids, MAGL inhibitors produced 
neuroprotective and anti-inflammatory effects, 34,35 here we 
found that MAGL inhibition results in a greater striatal damage 
both in vivo and in vitro. Therefore, our findings with 0-3841 
and JZL184/OMDM169 can only be interpreted by the 
interference with, or enhancement of, the generation of 
oxygenated derivatives of 2-AG by elevated activity of COX- 
2 (see Figure 7 panels A and B, respectively). In other words, 
the inhibition of DAGL might re-establish the balance between 
the neuroprotective and neurotoxic mechanisms of 2-AG, 
whereas the inhibition of MAGL would enhance this imbal- 
ance, which is, in fact, likely to be facilitated under conditions 
of reduced expression of this enzyme, as in the present case 
(see below). 

On these premises, the next objective of our study became 
the demonstration that PG-Gs, in particular PGE 2 -G, are 
generated in the striatum in response to malonate, and that 
they are reduced by DAGL inhibition and increased after 
MAGL inhibition. However, we were unable to find detectable 
levels of PGE 2 -G after these manipulations in vivo, in 
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Figure 7 Schematic overview of possible mechanisms explaining the effect 
of 2-AG following malonate lesion and after MAGL (panel a) or DAGL (panel b) 
inhibition 

particular after the lesion with malonate combined with MAGL 
inhibition, that is, the experimental conditions in which the 
generation of these derivatives would be maximal. On the 
basis of the detection limit of our analytical method, we 
estimated that an amount of less than 1 .9 pmol/g wet tissue 
weight of this compound is present in the whole striatum from 
both unlesioned and lesioned rats, in agreement with previous 
findings indicating that the tissue concentrations of this 
compound, for example, in the rat paw, are in the order of 
the fmol/g wet tissue weight. 40 It is possible that the 
generation of this metabolite is restricted to the lesioned cells 
within the striatum, then rendering impossible its detection 
when the whole striatum needs to be used for biochemical 
determinations (see Results section). 

Given the difficulties to detect the generation of PG-Gs from 
2-AG in our in vivo model, we considered the possibility that 
pathways other than COX-2 metabolism of 2-AG may be 
involved in the generation of putative pro-inflammatory 2-AG- 
derived compounds, or that the neuroprotection shown by 
0-3841 was due to its interaction with targets other than 
DAGL. An attractive possibility would be the expected 
increase in the DAG levels derived from the inhibition of 
DAGL, as DAG signalling has been associated with cell 
proliferation, differentiation and survival/death decision. 50 
However, our next experiments provided further evidence in 
support of a mechanism involving the generation of PG-Gs 
from 2-AG by the action of COX-2. First, we administered 
synthetic PGE 2 -G to malonate-lesioned rats and found an 
aggravation of striatal damage that was partially reversed by 
the PGE 2 -G antagonist AGN220675. Secondly, in experi- 
ments conducted in vitro with cultured M-21 3 cells, which also 



experience a marked upregulation of COX-2 in response to 
malonate, we showed that the increase in endogenous 2-AG 
levels derived from MAGL inhibition results in a greater cell 
death. This effect appeared to be related to the generation of 
PG-Gs as it was reversed by pharmacological manipulations 
that either inhibit the formation (e.g., inhibition of COX-2 with 
celecoxib) or block the action at its target(s) (e.g., 
AGN220675) of PGE 2 -G. Indeed, the only experimental 
condition in which we were able to detect PGE 2 -G was in 
these cells after the incubation with malonate combined with 
the MAGL inhibitor 0MDM1 69, that is, the same experimental 
conditions in which cell death was maximal. Notably, 
malonate treatment of M-21 3 cells was accompanied by the 
downregulation of MAGL mRNA, protein and enzymatic 
activity, that is, another condition that, together with COX-2 
upregulation, is expected to favour the formation of PG-Gs. 

Another issue arising from our data and deserving some 
comments is the role that 2-AG may have in the upregulation 
of COX-2 observed here. A recent study 51 showed that COX-2 
upregulation may be elicited by a loss in the endogenous 
inhibition of this enzyme exerted by 2-AG via CL^ receptors. 
This was found in the hippocampus under pro-inflammatory 
and excitotoxic stimuli both in vivo and in vitro, 51 thus 
supporting the idea that neuroprotection exerted by 2-AG 
through the activation of CB-, receptors might be used also to 
prevent the COX-2 elevation typical of several neuroinflam- 
matory/neurodegenerative conditions. A priori, this possibility 
would be in contrast with our present hypothesis of 2-AG 
exerting a neurotoxic, rather than neuroprotective, effect. It is 
possible that neuroprotection with 2-AG is the predominant 
response when the levels of 2-AG are strongly elevated by the 
neurotoxic stimuli, as in the case of traumatic brain injury, 44 as 
this elevation would allow to prevent, among others, the 
upregulation of COX-2. In contrast, in our present case, in 
which 2-AG levels remained unaffected by the malonate- 
induced lesion, this might have allowed the upregulation of 
COX-2 and the subsequent potential transformation of basal 
2-AG levels into PG-Gs by the action of this enzyme, thus 
supporting the above-mentioned idea of an imbalance 
between the neuroprotective and neurotoxic effects of 2-AG. 
Interestingly, a follow-up study by the same group 52 revealed 
that the inhibitory effect by 2-AG of COX-2 expression also 
involves the activation of PPAR-y, for which we have found, 
under our experimental conditions, a trend towards down- 
regulation. This downregulation effect might counteract the 
inhibition by 2-AG of COX-2, participate in COX-2 upregula- 
tion and facilitate the conversion by this enzyme of 2-AG in 
PG-Gs. It is also important to remark that the downregulation 
of PPARs observed in the malonate-lesioned rats would be 
another factor, in addition to elevated levels of COX-2, 
aggravating the imbalance between the neuroprotective and 
neurotoxic effects of 2-AG, as these nuclear receptors have 
been involved in part of the neuroprotective actions of 
2-AG, 43,45 which would then be lost in malonate-lesioned rats. 

In summary, the inhibition of 2-AG biosynthesis is accom- 
panied by neuroprotection in rats lesioned with malonate. This 
effect seems to be related to a potential inhibition of certain 
pro-neuroinflammatory actions of 2-AG, particularly those 
involving its transformation into oxygenated metabolites by 
COX-2, an enzyme that was found here to be elevated in 
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the striatum after the lesion with malonate. In contrast, 
MAGL inhibition or the administration of PGE 2 -G in vivo 
aggravated the malonate toxicity, and these effects were 
reproduced in cultured M-213 cells in which upregulation of 
COX-2 was also elicited by malonate. 

Materials and methods 

Animals, treatments and sampling. Male Sprague- 
Dawley rats were housed in a room with controlled 
photoperiod (08:00-20:00 light) and temperature 
(22±1°C). They had free access to standard food and 
water and were used at an adult age (3-month old; 300-350 g 
weight) for experimental purposes, all conducted in an 
attempt to minimize animal pain and discomfort, and 
following local and European rules (directive 86/609/EEC). 
Rats were injected stereotaxically (coordinates: +0.8 mm 
anterior, +2.9 mm lateral from the bregma, -4.5 mm ventral 
from the dura mater) into the left striatum with 2 M malonate 
(dissolved in PBS 0.1 M, pH = 7.4) in a volume of 1 or were 
sham operated in the same left striatum but with no injection 
of the toxin. The contralateral striatum of each animal always 
remained unaffected, allowing analyses performed in this 
animal model lead to data frequently expressed as percen- 
tage of the lesioned side over the corresponding non- 
lesioned side. Animals were used for these experimental 
analyses 48 h later, except in the case of the time-course 
analysis of gene expression for COX-2, inducible nitric oxide 
synthase (iNOS) and peroxisome-proliferator activated 
receptors (PPAR) for which animals were sacrificed at 24 
and 48 h after the lesion. 

0-3841 (octadec-9-enoic acid 1-methoxymethyl-2-(fluoro- 
methyl-phosphinoyloxy)-ethyl ester), a kind gift by Dr. A 
Mahadevan, Organix, Woburn, Massachussets, was synthe- 
sized as previously described. 27 The compound was 
dissolved in dimethylsulfoxide (DMSO) and diluted in 0.1 M 
PBS (pH = 7.4) for administration (final concentration of 
DMSO < 1%). As this compound is not expected to cross the 
blood-brain barrier, it was locally administered 30 min before 
the administration of malonate. Each animal received a 
unique administration of 250 ng of 0-3841 in a volume of 
1 fA. In additional experiments, 500 ng of OMDM169, synthe- 
sized as previously described, 32 10^g of prostaglandin 
E 2 -glycerol ester (PGE 2 -G; purchased from Cayman 
Chemical, Ann Arbor, Michigan, USA) and 300 ng of 
AGN220675 (generously provided by Dr. Woodward, Allergan, 
Irvine, CA, USA), prepared in 5% DMSO-saline, were also 
administered following the same procedure as in the case of 
0-3841. In another experiment, JZL184 (purchased from 
Tocris Bioscience, Bristol, UK, and dissolved in DMSO- 
Tween 80-saline, 1:1:18) was administered to malonate- 
lesioned rats at the dose of 4mg/kg weight in two injections, 
30 min before and 2h after the intrastriatal injection of 
malonate, following our previously published procedure. 12 
Malonate-lesioned animals, administered with the 
corresponding vehicle for all treatments (malonate group), 
as well as sham-operated animals (control group), were 
always included for each pharmacological experiment. 

Depending on the experiment, animals were killed 24-48 h 
after the administration of malonate, and their brains were 



rapidly removed and frozen in 2-methylbutane, cooled in dry 
ice and stored until evaluation of neurochemical parameters 
indicating the degree of malonate-induced striatal injury. 
Some animals from each experimental group were perfused 
with 1 0% formalin, and their brains were post fixed during 3 h, 
cryoprotected and stored at - 20 °C before being sliced in a 
vibratome. This material was used for histological analyses. In 
a separate group of animals (only in the experiments with the 
DAGL inhibitor 0-3841 or the MAGL inhibitor OMDM169), 
brains were dissected before freezing and their striata were 
weighed, frozen on dry ice and stored in eppendorf tubes at 
-80°C until lipid extraction and analysis of endocannabi- 
noids and related compounds (PGE 2 -G or A/-acylethanol- 
amines). The entire procedure took less than 5 min, which is 
significantly less than the amount of time required for 
postmortem generation of 2-AG, arachidonoylethanolamide 
(anandamide) or related compounds. Finally, in another 
separate experiment, malonate-injected and sham-operated 
rats were decapitated twice after the formation of the lesion 
(24 and 48 h). Their brains were quickly and carefully removed, 
the striata dissected and frozen for qRT-PCR analysis. 

Cell culture. M-213-20 cells were a generous gift from Dr. 
WJ Freed (National Institute on Drug Abuse, Bethesda, MD, 
USA; see 26). Cells were maintained in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal 
bovine serum, 2mM ultra-glutamine, 1% non-essential 
amino acids and 1% penicillin/streptomycin (LONZA, 
Verviers, Belgium) and under a humidified 5% C0 2 atmo- 
sphere at 37 °C. For cytotoxicity experiments, cells were 
seeded at 50000 cells/cm 2 in 24-well plates and maintained 
under a humidified atmosphere (5% C02) at 37 °C overnight. 
Afterwards, normal medium was replaced by serum-free 
medium and cells were exposed to either OMDM169 (1 fM), 
JZL184 (10 nM), 2-AG (25 and 50 ^M; purchased from Tocris 
Bioscience, Bristol, UK), celecoxib (12.5 or 25 fiM; purchased 
from Sigma-Aldrich, Madrid, Spain) or AGN220675 (25 /iM) 
added from more-concentrated solutions (prepared in serum- 
free medium and containing low amounts of DMSO) to obtain 
these final concentrations (final DMSO was always<0.1%). 
Thirty min later, cells were exposed to malonate for 6h, 
added from a solution prepared in a serum-free medium to 
obtain a final concentration of 40 mM in the wells. Control 
cells were maintained in the serum-free medium, but 
were not exposed to malonate or the different treatments. 
After malonate exposure, media from each well were used to 
measure lactate deshydrogenase (LDH) activity as an index 
of cell death, using the CytoTox 96 Non-Radioactive 
Cytotoxicity Assay Kit (G1780, Promega Biotech Iberica, 
Madrid, Spain). In all experiments, the data of LDH activity 
were compared with the values obtained in a positive control 
with 1% Triton X-100 (Sigma-Aldrich, Madrid, Spain) that 
was taken as 100% of cell death. Compared with the Triton 
X-100-exposed cells, control cells (not exposed to malonate) 
accounted for a 10-20% of cell death, whereas malonate 
accounted for a 60-80%. For graphical presentation, the 
data in malonate-exposed cells (with or without the different 
additional treatments) were always expressed as the 
percentage over the data in the control cells (not exposed 
to malonate). 
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Analysis of endocannabinoid levels. Tissues or cells 
were homogenized in 5 volume of chloroform/methanol/ 
Tris-HCI 50 mM (2:1:1) containing 10pmol of d 8 -ananda- 
mide, d 4 -palmitoylethanolamide (PEA), d 4 -oleylethanolamide 
(OEA) and d 5 -2-AG. Deuterated standards were synthesized 
from d 8 arachidonic acid and ethanolamine or glycerol, or 
from d 4 -ethanolamine and palmitic or oleic acid, as described 
( 53,54 respectively). Homogenates were centrifuged at 
13000gf for 16min (4°C), and the aqueous phase plus 
debris were collected and extracted again twice with 1 
volume of chloroform. The organic phases from the three 
extractions were pooled and the organic solvents evaporated 
in a rotating evaporator. Lyophilized extracts were resus- 
pended in chloroform/methanol 99 : 1 by volume. The 
solutions were then purified by open-bed chromatography 
on silica as described. 54 Fractions eluted with chloroform/ 
methanol 9:1 by volume, (containing anandamide, 2-AG, 
OEA and PEA) were collected and the excess solvent 
evaporated with a rotating evaporator, and aliquots were 
analysed by isotope dilution liquid chromatography/atmo- 
spheric pressure chemical ionization/mass spectrometry 
(LC-APCI-MS) carried out under conditions described 
previously, 55 and allowing the separations of 2-AG, ananda- 
mide, OEA and PEA. MS detection was carried out in the 
selected ion-monitoring mode using m/z values of 356 and 
348 (molecular ion + 1 for deuterated and undeuterated 
anandamide), 384.35 and 379.35 (molecular ion + 1 for 
deuterated and undeuterated 2-AG), 304 and 300 (molecular 
ion + 1 for deuterated and undeuterated PEA) and 330 and 
326 (molecular ion + 1 for deuterated and undeuterated 
OEA). The amounts of endocannabinoids and related 
A/-acylethanolamines were expressed as pmols/mg of lipids 
extracted. An amount of 1 mg of extracted lipids corresponds 
to ~ 0.01 0-0.01 5 g of wet tissue weight. 

Method for the extraction, purification and quantification 
of PGE2-G. Tissues and cells were homogenized in 5 
volume of acetone containing 25pmol of d4-PGE 2 -G (a kind 
gift by Dr. DF Woodward, Allergan, Irvine, CA, USA). 
Homogenates were centrifuged at 1 3 000 g for 5min (4°C), 
and the debris was extracted again four times with 1 volume 
of acetone. The organic phases from the five extractions 
were pooled and the organic solvents evaporated in a 
rotating evaporator. Lyophilized extracts were resuspended 
in chloroform/methanol 99 : 1 by volume. The solutions were 
then purified by open-bed chromatography on silica using a 
gradient elution of chloroform/methanol to separate different 
class of lipids. Fractions eluted with chloroform/methanol 7 : 3 
by volume, (containing PGE 2 -G) were collected and the 
excess solvent evaporated with a rotating evaporator, and 
aliquots were analyzed by Liquid Chromatography- 
Electrospray-lon Trap-Time of Flight (LC-ESI-IT-ToF) mass 
spectrometry. An IT-ToF mass spectrometer (Shimadzu) 
was used in conjunction with an LC-20AB (Shimadzu). LC 
analysis was performed in the isocratic mode using a 
DiscoveryC18 column (15cm x 2.1 mm, 5/<m) and metha- 
nol/water/acetic acid (53:47:0.05 by volume.) as mobile 
phase with a flow rate of 0.15ml/min. Identification of 
PGE 2 -G (retention time 22.5 min) was carried out using ESI 
ionization in the positive mode with nebulizing gas flow of 



1.5ml/min and a curved desolvation line temperature of 
250 °C. PGE 2 -G quantification was performed by isotope 
dilution by using m/z values of 453.2766 and 449.2515, 
corresponding to the sodium adduct of the molecular ion 
(M + 23) + for deuterated and undeuterated PGE 2 -G, respec- 
tively. The full recovery of PGE 2 -G from tissue due to the 
analytical procedure reported above was 44.9 ± 9.1 . The LC- 
ESI-IT-ToF method described here for the first time is 
specific and sensitive with a limit of detection (defined as 
the concentration at which the signal/noise ratio is greater 
than 3:1) of 25fmol. Moreover, the ratio between the 
(M + 23) + peak areas of undeuterated (0.025-20 pmol) 
versus, deuterated (1 pmol) PGE 2 -G varied linearly with the 
amount of undeuterated PGE 2 -G. The quantification limit of 
PGE 2 -G was 50fmol. 56 

HPLC determination. Brain coronal slices (around 500 /im 
thick) were made at the level of the striatum. 57 Subsequently, 
this structure was dissected and homogenized in 20-40 
volumes of cold 1 50 mM potassium phosphate buffer, pH 6.8, 
and distributed into two aliquots, one to be used for the 
analysis of protein concentration. 58 The other aliquot was 
used for the measurement of GABA contents by HPLC 
coupled to electrochemical detection. 11 It was diluted {V2) 
with 0.4 N perchloric acid containing 0.4 mM sodium dis- 
ulphite, 0.90 mM EDTA and /J-aminobutirate as internal 
standard. Afterwards, samples were centrifuged for 3 min 
(15000g) and the supernatants subjected to a previous 
derivatization process with o-phthaldehide (OPA)-sulphite 
solution (14.9mM OPA, 45.4 mM sodium sulphite and 4.5% 
ethanol in 327 mM borate buffer, pH 10.4; see details in 11), 
previous to their injection into the HPLC system. This 
consisted of the following elements. The pump was an 
isocratic Spectra-Physics 8810. The column was an RP-18 
(Spherisorb ODS-2; 150 mm, 4.6 mm, 5/(171 particle size; 
Waters, Massachusetts, USA). The mobile phase, previously 
filtered and degassed, consisted of 0.06 M sodium dihydrogen 
phosphate, 0.06 mM EDTA and 20-30% methanol 
(pH 4.4). The flow rate was 0.8ml/min. The effluent was 
monitored with a Metrohm bioanalytical system ampero- 
metric detector using a glassy carbon electrode. The 
potential was 0.85V relative to an Ag/AgCI reference 
electrode with a sensitivity of 50 nA (approx. 2ng per 
sample). The signal was recorded on a Spectra-Physics 
4290 integrator. The results were obtained from the peaks 
and calculated by comparison with the area under the 
corresponding internal standard peak. Values were 
expressed as /ig/mg of protein. 

Histological analyses. Fixed brains were sliced (35 ^in- 
thick sections) in a vibratome. Free-floating sections 
obtained from each brain were incubated with a monoclonal 
anti-GFAP-Cy3 conjugate antibody (1 :500, Sigma-Aldrich, 
Madrid, Spain) 24 h at room temperature. Following exten- 
sive washing, the brain sections were mounted on glass 
slides using the Vectashield Mounting Medium (Vector 
Laboratories, Burlingame, USA). In addition, the Hoescht 
staining was used for nuclear counterstaining. Adjacent 
sections to those used in the immunohistochemical analysis 
were used for Nissl staining, which allowed for the 
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determination of the number of cells after the different 
treatments done. A Nikon Eclipse 90i confocal microscope 
and a Nikon DXM 1200F camera were used for observation 
and photography, and all image processing techniques were 
performed using ImageJ, the software developed and freely 
distributed by the US National Institutes of Health (Bethesda. 
MD, USA). 

Real time qRT-PCR analysis. Total RNA was isolated from 
lesioned or non-lesioned rat striata, or from cultured cells, 
using the RNATidy reagent (AppliChem., Cheshire, CT, 
USA). The total amount of RNA extracted was quantitated by 
spectrometry at 260 nm, and its purity was evaluated by the 
ratio between the absorbance values at 260 and 280 nm, 
whereas its integrity was confirmed in agarose gels. After the 
removal of genomic DNA (to eliminate DNA contamination), 
single-stranded complementary DNA was synthesized from 
1 ^g of total RNA using a commerical kit (Rneasy Mini 
Quantitect Reverse Transcription, Qiagen, Izasa, Madrid, 
Spain). The reaction mixture was kept frozen at - 20 °C until 
enzymatic amplification. Quantitative real-time PCR assays 
were performed using TaqMan Gene Expression Assays 
(Applied Biosystems, Foster City, CA, USA) to quantify 
mRNA levels for COX-2 (reference: Rn01483828_m1), 
BDNF (reference: Rn01484928_m1), iNOS (reference: 
Rn00561646_m1), PPAR-a (reference: Rn00566193_m1), 
PPAR-y (reference: Rn00440945_m1), MAGL (reference: 
Rn00593297_m1) and FAAH (reference: Rn00577086_m1), 
using /J-actin expression (reference: Rn00667869_m1) as an 
endogenous control gene for normalization. The PCR assay 
was performed using the 7300 Fast Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA), and the 
threshold cycle (Ct) was calculated by the instrument's 
software (7300 Fast System, Applied Biosystems, Foster 
City, CA, USA). 

Enzyme assays. 2-AG and anandamide hydrolysing activ- 
ities were measured in cells after malonate treatment as 
described above for PGE 2 -G measurement. In particular, 
2-AG hydrolysis, which is mostly accounted for at least 80% 
by MAGL in neurons, 59 was measured by incubating the 
lOOOOg cytosolic fraction (70-100^g/sample) of cells in 
Tris-HCI 50 mM, at pH 7.0 at 37 °C for 20min, with synthetic 
2-arachidonoyl-( 3 H)-glycerol (40Ci/mmol, ARC St. Louis, 
MO, USA) properly diluted with 2-AG (Cayman Chemicals, 
Ann Arbor, Ml, USA) to the final concentration of 50 fiM. After 
incubation, the amount of [ 3 H]-glycerol produced was 
measured by scintillation counting of the aqueous phase 
after extraction of the incubation mixture with 2 volumes of 
CHCI3/CH3OH 1:1 (by volume). Anandamide hydrolysis, 
which is almost uniquely accounted for FAAH in neurons, 
was measured by incubating the 1 0 000 g membrane fraction 
(70-1 00 /(g/sample) of tissues in Tris-HCI 50 mM, at pH 9.0- 
10.00 at 37 °C for 30min, with synthetic A/-arachidonoyl- 
[ 14 C]-ethanolamine (55mCi/mmol, ARC St. Louis, MO, USA) 
properly diluted with anandamide (Tocris Bioscience, Avon- 
mouth, Bristol, UK) to the final concentration of 10 /(M. After 
incubation, the amount of [ 14 C]-ethanolamine produced was 
measured by scintillation counting of the aqueous phase 
after extraction of the incubation mixture with 2 volumes of 



CHCI3/CH3OH 1:1 (by volume). In both cases, values were 
expressed as pmol of product formed/mg of protein in 
1 minute of incubation. 



Western blot analysis. Cultured cells (approximately 
10 6 /sample), exposed or not to 40 mM malonate for 6h, 
were collected and washed twice in cold PBS and lysed on 
ice using the RIPA lysis solution. Lysates were maintained in 
ice for 20min before a centrifugation of 15min at 15 000 sr. 
Supernatants were recovered and quantified by Bio-Rad 
DC Protein Assay Kit (Bio-Rad, Segrate, Ml, Italy). Subse- 
quently, 40-50 /<g of lysates were boiled for 5min in the 
Laemmli SDS loading buffer and loaded on precast 
polyacrylamide gels (4-12% gradient; Bolt Bis-Tris Plus 
gels; Life Technologies, Milan, Italy) and then transferred to a 
PVDF membrane. Filters were incubated overnight at 4°C 
with the following antibodies: mouse anti-FAAH antibody 
(1 |Ug/ml; from Sigma-Aldrich Milan, Italy; batch number: 
11011 -4H8) or rabbit anti-MAGL (1 : 200; Cayman Chemical, 
Ann Abor Ml, USA). An anti a-tubulin antibody (1:5000; 
Sigma-Aldrich Milan, Italy) was used to check for equal 
protein loading. Reactive bands were detected by chemilu- 
minescence (ECL or ECL-plus; Biorad, Segrate, Ml, Italy). 
Images were analysed on a ChemiDoc station with Quanti- 
tyone software (Bio-Rad, Segrate, Ml, Italy). Data were 
calculated as the ratio between the optical densities of the 
protein and a-tubulin, but they were normalized as a 
percentage over the control group for presentation. 

Statistical analyses. All data were assessed by one-way 
ANOVA followed by the Student-Newman-Keuls test, or by 
the unpaired Student's f-test, as required, using the 
GraphPad software (version 4.0). 
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